Objectives Chiari type II malformation (CII) is a congenital deformity of the hindbrain. The posterior fossa and cerebellum are small in CII. The cerebellar atrophy is associated with cognitive and motor deficits. Brainstem compression occurs in some patients with CII for whom posterior fossa decompression may be life saving. The aim was to determine whether posterior fossa decompression can prevent or reduce the cerebellar atrophy in CII. Methods Cerebellar volumes and their tissue types (gray matter, white matter, and CSF volumes) from brain MRI were compared among four CII patients, aged 9.5 to 16.5 years, who had had posterior fossa decompression in infancy, 28 CII patients who had not had posterior fossa decompression, and ten age-matched normal controls. Parametric and non-parametric tests investigated group differences. Results Compared to controls, mean cerebellar volume was significantly smaller in CII patients (p<0.0001). Mean CSF volume within the cerebellar fissures and fourth ventricle was significantly smaller in patients without posterior fossa decompression compared to the CII patients who had the decompression, p=0.043. Mean CSF volume of the latter group was similar to the controls. Other cerebellar volumetric measurements did not differ between the CII groups.
Introduction
Chiari type II malformation (CII) is an almost universal feature of myelomeningocele (MMC), the most common and severe type of spina bifida [1] . The hindbrain is dysplastic in CII [2, 3] because the posterior fossa is small and its contents are distorted [4] . The cerebellar vermis herniates upward through the tentorial incisura and downward through foramen magnum. The cerebellum is reduced in size [4] . The lower brainstem is displaced downwards [2] . Supratentorial abnormalities, including primary dysgenesis of the corpus callosum, occur commonly in CII [4] . This paper explores two questions about the structural changes associated with CII in patients with MMC. The first question is whether, on the basis of MRI information, posterior fossa decompression can prevent or reduce the cerebellar atrophy in CII. The paper considers data on MRIderived cerebellar volumes in patients with CII who had posterior fossa decompression during the first 2 years of life, patients with CII who had not had posterior fossa decompression, and age-matched controls. The second question is whether surgical expansion of the posterior fossa should be performed in early infancy in selected patients with MMC to reduce or ameliorate the cerebellar atrophy. This is presented in the form of a proposal and a model of the mechanisms of cerebellar atrophy in CII.
Structural changes in Chiari type II malformation
Several studies have documented a reduction in cerebellar size in CII in utero [5, 6] , infancy, and early childhood [7, 8] . There is a reduction in: (1) the number of cells in the vermis [9] , (2) cerebellar weight [10] , (3) cerebellar volume [11] , and (4) cerebellar and cerebrum volumes in children with upper compared to lower spinal lesions [12] .
A recent study in CII using cerebellar parcellation techniques on MRI quantified the size of the cerebellar lobes [13] . Individuals with CII had an overall reduction in cerebellar size; in addition, compared to controls, they showed a smaller absolute volume and volume ratio of the gray matter of the inferior posterior cerebellar lobes and a larger absolute volume and volume ratio of the gray matter of the anterior lobes [13, 14] . The significance of enlarged anterior lobes is uncertain.
The overall small cerebellar size in CII has been attributed to atrophy from crowding and mechanical compression caused by a small posterior fossa size. Hindbrain herniation obstructs CSF outflow from the fourth ventricle and commonly causes hydrocephalus in MMC [15] . Hydrocephalus may exacerbate hindbrain compression within the posterior fossa.
Gross pathology and biometric analyses have identified significant variations in hindbrain shape in CII [3, 16] . Linear measurements and planimetry (area measurements) of the posterior fossa and the vermis have been reported in CII. The mean area of the midsagittal anterior, posterior superior, and inferior vermis lobules was each larger in CII patients in comparison with age-matched controls [17] . No group differences in these areas were detected between CII patients who had posterior fossa decompression and CII patients who did not have the decompression.
The most likely explanation for the midsagittal expansion of the vermis is tissue compression occurring within a small posterior fossa, which generates pressure that squeezes the vermis from either side towards the midline [17, 18] . Expansion of the anterior vermis lobules may also be related to the enlarged anterior cerebellar lobes reported recently in CII [13] . The reduction in cerebellar volume in CII affects the cerebellar hemispheres more than the vermis; within the hemispheres, the posterior lobes, in particular, are reduced in volume [13] .
Other dysmorphologies occur in CII, some may be related to increased intracranial pressure [2, 4] . These include atrophy of the corpus callosum and compression of the diencephalon. The brain as a whole may show reduction in the thickness of the cortical mantle, reduced overall brain mass, and selective thinning of the posterior cortical regions [19] . A diffusion tensor study of the brain in children with MMC revealed abnormal development, impairment in myelination, and intrinsic axonal abnormalities in the cerebral association pathways [20] .
Functional consequences of Chiari type II malformation
Intrinsic brainstem abnormalities and pressure on the brainstem from a crowded posterior fossa and hydrocephalus cause diverse findings such as headaches, apnea, bradycardia, dysphagia, torticollis, and spasticity [1] . Brainstem compression occurs in a third of infants with CII, and may be fatal in up to a third of these patients [21] . Surgical decompression of the posterior fossa for symptomatic CII infants with brainstem compression is required in 8% to 17% of these patients [1] , and usually leads to clinical improvement. Fetal surgery for MMC may reduce the incidence and severity of brainstem dysfunction [22] .
Speech motor deficits, dysfunction in the speed and accuracy of rhythm perception, cognitive dysfunction, and perceptual and motor timing deficits have been reported in children with MMC [11, 12, 14, 23] .
Eye movement abnormalities occur in CII including saccadic smooth pursuit, saccadic dysmetria, vestibuloocular reflex abnormalities, nystagmus, strabismus, and internuclear ophthalmoplegia [24] . Eye movement recording revealed that CII patients with abnormal ocular motor functions had a smaller midsagittal posterior fossa areas and their cerebellar volumes were smaller than patients with CII who had normal eye movements [25] ; while midsagittal vermis expansion and preserved medial cerebellar volume corresponded to sparing of some eye movement abnormalities [25] , despite the overall reduction in cerebellar size in CII.
Is Chiari type II malformation a progressive deformity?
The hydrocephalus associated with MMC and CII is usually progressive, and is usually shunted soon after birth. However, there is only anecdotal evidence that the deformity of CII per se is progressive. Several factors need to be considered first when disease progression is suspected in children with MMC. For example, shunt malfunction, the development of spinal or bulbar syringomyelia, tethered spinal cord and the presence of an unrelated neurological disorder. The development of symptoms and signs of brainstem compression in some infants with MMC, the appearance of ataxia, weakness, and spasticity in the upper limbs over a period of weeks or months, and degeneration of the cerebellum described on MRI suggest clinical and neuroradiological progression in CII [1, 2, 8, 21, 26] . There is no direct evidence of progressive hindbrain atrophy documented systematically in a longitudinal MRI study in CII.
The main aim of this preliminary investigation was to determine, on the basis of MRI information, whether posterior fossa decompression can prevent or reduce the cerebellar atrophy in CII.
Methods
Participants for this investigation were a cohort of patients and normal controls, aged 8-19 years, who were participants in a spina bifida project funded by the National Institute of Child Health and Human Development. The study was approved by the local Research Ethics Board. Cerebellar volumes were measured on brain MRI in four patients with CII who had posterior fossa decompression during the first 2 years of life and compared to age-matched ten normal controls and 28 patients with CII who did not have posterior fossa decompression. The MRI scans were performed several years (>5 years) following the decompression surgery.
MRI images were acquired on 1.5T GE MRI scanner. Details of acquisition, processing, and automatic segmentation of the images have been reported elsewhere [11] . Cerebellar volumes were measured automatically after mask generation. Cerebellar white matter, cerebellar gray matter, and cerebellar CSF (including CSF in the fourth ventricle and cerebellar fissures) volumes, were computed. Medial and lateral cerebellar volumes were also calculated as an approximate measure of vermis and cerebellar hemispheres volumes, respectively [11] .
A Statistical Package for Social Sciences, version 15.0 (SPSS Inc., Chicago, Il, USA) was used to analyze the data. Two-tailed, independent Student t tests and Mann-Whitney tests were used to investigate group differences. Significance was defined when p was less than 0.05. Table 1 ). The control participants and the patients who had posterior fossa decompression had similar mean cerebellar CSF volumes. In CII patients, other cerebellar volumetric measurements did not differ according to the presence (N=4) or absence (N=28) of posterior fossa decompression.
Results

Mean total
In comparison to the controls, the CII group had significantly smaller mean total cerebellar volume (p< 0.0001), smaller mean lateral cerebellar volume (p<0.001), and smaller mean gray matter cerebellar volume (p<0.001), either as a whole group or when split according to decompression history. Mean white matter volume was also significantly reduced in the CII group who did not have posterior fossa decompression (N=28) in comparison to the control group (N=10, p<0.001), although the reduction in white matter volume was not significant when the CII group who had posterior fossa decompression (N=4) was compared to the normal control (N=10, p=0.12, Table 1 ).
Discussion
Posterior fossa decompression appears to be associated with long-term normalization of cerebellar CSF spaces and U upper spinal lesion level (T12 and above), L lower spinal lesion level (L1 and below), vol. volume presumably improved CSF flow within the posterior fossa. However, this surgical procedure offers no obvious longterm benefits for the cerebellum, because cerebellar atrophy was still evident in the CII patients several years after the surgical procedure was performed and was similar to the cerebellar atrophy seen in CII patients who had not had surgical decompression. The CII group had smaller cerebellar volumes, mainly involving the cerebellar hemispheres, than normal controls as reported previously [11] . This investigation also adds to the emerging data showing that CII is associated with both gray and white matter cerebellar atrophy.
Findings from this investigation are consistent with results from the cerebellar planimetry study in CII [17] , where an enlarged midsagittal vermis area, which suggests vermis compression, was found in CII patients including those who had posterior fossa decompression. It appears that surgical decompression of the posterior fossa, usually performed in infancy, does not spare the vermis from compression and cerebellar atrophy.
Interestingly, similar findings have been reported in neonates who had fetal MMC repair [27] . Their sub-arachnoid extra-axial supratentorial and posterior fossa CSF spaces were similar to normal controls on postnatal MRI and their fourth ventricle re-appeared, whereas neonates who had the standard postnatal surgical repair of their MMC had significantly reduced sub-arachnoid CSF spaces on MRI postnatally. All fetuses with MMC had fetal MRI around midgestation prior to any surgery that showed significantly reduced sub-arachnoid CSF spaces in comparison to gestation-matched normal fetuses [27] . The same study also reported the persistence of an abnormally reduced brain thickness and cerebellar width on postnatal MRI in all neonates with MMC irrespective of whether the surgery to close their spinal defect was performed in utero or postnatally [27] . Taken together, findings from this investigation and that of Danzer et al. and others [6, 27] , suggest that hindbrain abnormalities in MMC occur early in utero (and prior to fetal surgical repair) and persist thereafter.
Brainstem compression occurs in severely affected patients. This requires urgent posterior fossa decompression, which appears to open up the CSF spaces within the posterior fossa as suggested by this investigation but the decompression surgery does not expand the size of the posterior fossa significantly [17] . Posterior fossa decompression in CII involves removing or cutting a small piece of skull bone opposite the foramen magnum and not much more above that region in order to avoid the low-lying torcular (confluence of the venous sinuses) in CII (Dr. P. McDonald, personal communication). The posterior fossa size is not "actively" expanded by the surgical decompression, as opposed to a posterior fossa decompression for Chiari type I malformation. It is perhaps not surprising that the procedure did not result in any significant change in the cerebellar MRI quantitative data in this investigation except for showing a larger cerebellar CSF volume. Although the surgical decompression relieves the obstruction to CSF flow through the foramina of Luschka and Magendie caused by vermis herniation, it appears to have little effect on the gross size of the cerebellum.
Should surgical expansion of the posterior fossa be done in early infancy in selected patients with myelomeningocele? A proposal
The posterior fossa normally undergoes rapid development at 12-weeks gestation [28] ; therefore, its permanent smaller size in MMC is determined early and is not reversible by fetal repair of the spinal defect usually performed in midgestation. Figure 1 summarizes findings from this investigation and other studies [17, 18, 22, [27] [28] [29] in relationship to normal cerebellar and posterior fossa development (left column). Since the rapid cerebellar growth starts after posterior fossa rapid growth, its development is restricted and adversely affected in CII by the already small size of the posterior fossa (see box with the bold and italics text on the right in Fig. 1 ). The middle left column of Fig. 1 illustrates MRI findings before and after fetal MMC surgery and relates them to MRI findings in infants who had neonatal MMC surgery (depicted in the right two columns) as described earlier [27] . The middle right column in Fig. 1 illustrates MRI findings in patients who underwent neonatal MMC surgery and had posterior fossa decompression in relation to MRI findings in patients who had not had the decompression surgery (right column) as reported in the current study.
The cerebellar abnormalities reported in utero in fetuses with CII [27] , have clinical consequences that appear when the patient is old enough to be examined and tested. The cerebellar atrophy leads to cognitive and motor deficits because there is no room for normal neural tissue expansion and physiological cerebellar growth. After birth, the cerebellar atrophy is not reversed by posterior fossa decompression.
If the cerebellar abnormalities and atrophy occur even after fetal surgical repair of the spinal lesion or posterior fossa decompression in infancy, how might they be ameliorated or minimized? The author proposes that early surgery to expand and enlarge the size of the posterior fossa (see the star symbol on the left in Fig. 1) , to be performed initially as a pilot study in a select group of infants with CII who have a significantly small posterior fossa, may have the potential to prevent or decrease the severity of the clinical symptoms and signs related to CII, stop or reduce the cerebellar atrophy, and perhaps facilitate normal and unhindered growth of the hindbrain, which will likely lead Fig. 1 The diagram illustrates important milestones in posterior fossa (PF) and cerebellar development (left column), and quantitative MRI findings in fetuses with myelomeningocele (MMC) before and after either fetal MMC repair (left middle column) or postnatal MMC repair (right two columns). The right two columns also show the long-term quantitative MRI findings in CII patients with postnatal MMC repair who either had or did not have posterior fossa decompression for acute brainstem dysfunction. Both fetal MMC repair and posterior fossa decompression lead to healthier brainstem function. However, cerebellar atrophy is inevitable in all MMC patients, because the small size of the posterior fossa in MMC probably occurs very early in utero as shown in the figure (bold and italics box on the right). Early surgical expansion of the PF (box with the star symbol) is suggested to prevent or reduce the cerebellar atrophy in CII patients and facilitate a more physiological and unrestricted cerebellar growth. Information shown in this figure (not drawn to scale) is based on findings from this study and on information provided in references [17, 18, 22, [27] [28] [29] to the preservation of its many functions. Furthermore, this surgery might have the added benefit of normalizing CSF flow within the posterior fossa in early infancy, thus allowing for more physiological hindbrain development to occur since the CSF contains growth factors that are important for brain development [27, 30] .
The potential surgical benefits and risks should be weighed carefully before embarking on such an endeavor. More studies are needed first to address the optimum timing for such surgical procedure and in further defining the subset of CII patients who might potentially benefit. Investigating clinical and neuroradiological outcomes in relationship to the size of the posterior fossa and its contents in early infancy is a good starting point.
